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Abstract 
The folded-cascode structure is used to realize the low-voltage low-power consumption mixer, whose performance parameters 
have big influence on the navigation radio receiver’s performance. Adopting the folded-cascode structure, the folded-cascode 
mixer (FCM) has a lower power supply voltage of 1.2 V and realizes the design trade-offs among the high transconductance, 
high linearity and low noise. The difficulties of realizing the trade-offs between the linearity and noise performance, the linearity 
and conversion gain, the conversion gain and noise performance are reduced. Fabricated in an radio frequency (RF) 0.18 μm 
CMOS process, the FCM has an active area of about 200 μm ×150 μm and consumes approximate 3.9 mW. The test results show 
that the FCM features a conversion gain (GC) of some 14.5 dB, an input 1 dB compression point (Pin-1dB) of almost −13 dBm and 
a dual sideband (DSB) noise figure of around 12 dB. The FCM can be applied to the navigation radio receivers and electronic 
systems for aviation and aerospace or other related fields. 
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1. Introduction 
Mixer, mainly performing frequency conversion, is 
one of the essential parts of the navigation radio re-
ceiver. Some of the mixer’s performance parameters 
have big influence on the navigation radio receiver’s 
performance. For example, its conversion gain would 
have great impacts upon the system’s performance, its 
power dissipation upon the system’s power dissipation, 
its linearity upon the whole receiver’s linearity, and its 
noise would degrade the receiver’s sensitivity. There-
fore, it is really very important for the navigation radio 
receiver to have good mixers [1-2]. 
Along with the top-speed development of portable 
electronic products and deep sub-micron integrated 
circuit technologies, the allowable power supply volt-
age of standard complementary metal-oxidc-semicon- 
ductor (CMOS) technology is becoming lower and 
lower, and the low-voltage low-power consumption 
designs have dominated the tendency of CMOS inte-
grated circuit (IC) design industry[3-4]. To reduce the 
power supply voltage is one of the most direct and 
effective methods to lower the system power dissipa-
                                                 
*Corresponding author. Tel.: +86-10-82317219. 
E-mail address: buaasd@ee.buaa.edu.cn 
Foundation item: State Commission of Science and Technology for Na-
tional Defense Industry (COSTIND)’s Civil Spaceflight Special Item 
 
1000-9361© 2010 Elsevier Ltd.
doi: 10.1016/S1000-9361(09)60205-3 
tion. With the decreasing of the feature size of transis-
tors and thickness of gate oxide layers, a very low 
voltage is enough for the electronic parts to work 
normally. The 1.8 V (0.18 μm) power supply voltage 
has been widely applied, and the 1.2 V (0.13 μm) and 
0.9 V (0.09 μm) power supply voltages have been used 
in electronic devices and the system-on-chip in suc-
cession. In addition, in order to ensure the system’s 
normal and steady working, the portable electronic 
equipment used in military and the fields of aeronau-
tics and astronautics also needs the low-voltage low- 
power consumption circuits to prolong the battery 
life[5-6]. 
In this article, a low-voltage CMOS folded-cascode 
mixer (FCM) has been implemented, which has real-
ized the low-voltage low-power consumption design. 
Meanwhile, the conversion gain, power dissipation, 
linearity and noise performance have all been im-
proved. 
2. Traditional Gilbert Mixer 
Fig.1 shows the schematic of the traditional Gilbert 
mixer. The radio frequency (RF) input signals RF+ and 
RF− flow in the transconductance stage composed of 
transistors M1 and M2. The local oscillation (LO) sig-
nals LO+ and LO− are differentially injected into the 
switch stage consisting of M3-M6. R1 and R2 are the 
mixer’s load resistors. The intermediate frequency (IF) Open access under CC BY-NC-ND license.
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output signals IF+ and IF− are differentially produced 
through the load resistors R1-R2 and the switch stage 
M3-M6. 
 
Fig.1  Traditional Gilbert mixer. 
As shown in Fig.1, several problems exist in 
improving low-voltage low-power consumption design 
of the traditional Gilbert mixer, i.e., the conversion 
gain, linearity and noise performance. 
Firstly, the design of low-voltage low-power con-
sumption mixer is difficult to implement. M1-M2 
NMOS pairs and M3-M6 NMOS cross-coupling cells 
stack between power supply and the ground, which has 
decreased the available voltage headroom. The system 
must supply a very high power supply voltage to en-
sure a certain linearity, which has greatly restricted the 
decrease of power supply voltage[7-8]. 
Secondly, the trade-offs between the linearity and 
noise, the linearity and conversion gain have become 
much more difficult to realize. If the transistors M3-M6 
in the switch stage were taken as ideal switches, the 
whole mixer’s linearity would be mainly determined 
by the transconductance stage, and the nonlinearity of 
the CMOS mixer would be caused by the square law 
characteristic of the MOS transistors of transconduc-
tance stage[9-10]. Therefore, reducing the nonlinearity 
impact of transconductance stage on the mixer will 
perfect the whole mixer’s linearity. Usually, several 
methods are taken as follows: 
Under-sampling frequency mixing technology can 
be taken into consideration to ameliorate the linearity. 
However, it leads to the increment of the noise figure, 
which makes the trade-off between the linearity and 
noise performance happen. 
Negative feedback can be adopted in the source of 
transconductance stage. However, it may cause a drop 
of the conversion gain, which makes the trade-off be-
tween the linearity and conversion gain appear. 
The transconductance stage can work under the lin-
ear conditions. However, it might also result in the 
decrement of the conversion gain, which makes the 
trade-off between the linearity and conversion gain 
appear again. 
Moreover, the input 1 dB compression point Pin-1dB, 
a typical index to measure the mixer’s linearity, in-
creases in exact proportion to the transconductance 
stage bias current ISS[11]. For this reason, the linearity 
can be improved by increasing the ISS. However, as 
shown in Fig.1, the transconductance stage M1-M2 and 
the switch stage M3-M6 stack between the power sup-
ply and the ground, so increases in ISS can induce rises 
in the bias currents of switch stage M3-M6 and the 
worsening of its noise performance, which make the 
trade-off between the linearity and noise performance 
happen once again. 
Thirdly, it is unfavorable to realize the trade-off 
between the conversion gain and noise performance. If 
transistors M3-M6 were regarded as ideal switches, the 
mixer’s conversion gain (GC) would be mainly deter-
mined by the transconductance gm of transconductance 
stage, as shown in Eq.(1). 
m n OX DS D1,2
12 (1 )
2
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μ λ= +       (1) 
In Eq.(1), the electron mobility, μn = 600-800 cm2/ 
(V·s), the unit gate-oxide capacitance COX and the co-
efficient of channel modulation λ are all constants. 
When source-drain voltage VDS and technological pa-
rameter W/L are both fixed values, gm grows with the 
working current ID1,2 of transconductance stage M1-M2 
increasing. Combining with Fig.1, Eq.(2) can be ob-
tained as follows: 
D1,2 SS
1
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I I=                (2) 
gm grows with the increase of ISS, but based on the 
aforementioned second problem, the noise perform-
ance of switch stage can be worsened. 
Fourthly, the traditional Gilbert mixer goes against 
the improvement of the noise performance. The key 
factors affecting the noise performance of CMOS 
mixer are resistor thermal noise, metal oxide semi-
conductor (MOS) transistor thermal noise and flicker 
noise[12]. For low-frequency CMOS down-conversion 
mixer, flicker noise is the main low-frequency noise. 
For the resistor, it has flicker noise only when the di-
rect current flows by. With regard to the MOS transis-
tor, the decrement of flicker noise’s corner frequency 
comes with the increment of the gate’s width and 
length, which means increasing the gate source para-
sitic capacitance Cgs could reduce the flicker noise [13]. 
Because of the frequency conversion, the flicker noise 
of input stage only appear near the odd harmonics of 
local oscillator frequency, far away from the interme-
diate frequency signals, which means the impact can 
be ignored. When the switch transistors have offset 
voltages, the flicker noise of input stage would influ-
ence the intermediate frequency output signals, but the 
effect is so small that it can be ignored [14-15]. When the 
mixer’s intermediate frequency output signals are 
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higher than 5 MHz, reducing the thermal noises of 
resistors and MOS transistors becomes the key ap-
proach to ameliorate the mixer’s noise performance. 
The resistor thermal noise can be brought down by 
reducing the temperature and system bandwidth. With 
regard to the thermal noise of the MOS transistors of 
transconductance stage, the resistor thermal noise can 
be decreased by increasing the gate-source effective 
voltages of MOS transistors of switch stage and de-
creasing the LO signals’ amplitudes. Without consi- 
dering the parasitic capacitance, the power spectral 
density of output stage thermal noise currents are only 
proportional to the bias currents and inversely propor-
tional to the LO signals’ amplitudes[15]. As a result, on 
condition that both the gate-source effective voltages 
of MOS transistors of switch stage and LO signals’ 
amplitudes are fixed values, decreasing the switch 
stage’s bias currents may lower the thermal noises; 
otherwise the noise performance can be worsened. 
In order to solve the four problems listed above, a 
low-voltage CMOS FCM, adopting the folded-cascode 
structure and implemented in a Semiconductor Manu-
facturing International Corporation (SMIC) 0.18 μm 
CMOS RF process, has been realized. 
3. Folded-cascode Mixer 
Fig.2 shows a schematic of the FCM. 
 
Fig.2  Schematic of FCM. 
As shown in Fig.2, the radio frequency input signals 
RF+ and RF− are differentially injected into the trans-
conductance stage formed by transistors M1-M2, and 
the local oscillation signals LO+ and LO− are differen-
tially injected into the switch stage composed of tran-
sistors M3-M6, and the intermediate frequency output 
signals IF+ and IF− are differentially generated from 
the switch stage and the load stage. The load stage is 
composed of transistors M7-M8, which provide load 
impedance for the mixer, and whose gate bias voltage 
is Vb. The current sources ISS,A, ISS,B, Irf and Ilo provide 
all kinds of bias currents needed by the mixer. Among 
them, current sources ISS,A and ISS,B supply bias cur-
rents for the FCM’s transconductance stage M1-M2 and 
switch stage M3-M6. In order to make the transconduc-
tance stage M1-M2 work in the saturation region, cur-
rent source Irf offers gate bias voltage to the transcon-
ductance stage through the resistors R1 and R2. To 
make the switch stage M3-M6 work in the on-off state, 
current source Ilo provides gate bias voltage to the 
switch stage via the resistors R3 and R4. For the pur-
pose of making the load stage M7-M8 work in the satu-
ration region, bias voltage Vb provides gate bias volt-
age to the load stage which provides load impedance. 
Compared with the traditional Gilbert mixer, the 
FCM has the following merits: 
(1) The design of low-voltage low-power consump-
tion mixer has been realized. Lowering the power sup-
ply voltage of the system can decrease the system 
power consumption dramatically. The mixer adopts the 
fold configuration which has depressed the system’s 
demand of supply power voltage. 
(2) It is propitious for the FCM to perfect the 
mixer’s noise performance. Transconductance stage 
produces small signal drain current which is directly 
proportional to the RF input voltage. They flow 
through the switch stage M3-M6, arrive at the load 
stage M7 and M8, and finally convert into IF output 
signals IF+ and IF−, flowing out differentially. Current 
sources ISS,A and ISS,B supply bias currents to the FCM. 
Viewing M1-M2 and M3-M6 from point B (or point A), 
we can find that the latter’s impedance is far bigger 
than that of the former, and the FCM’s circuit organi-
zation is symmetrical. Therefore, we can view from 
point B and only take the right part of switch stage 
M3-M6 as an example. When the LO signals make 
transistor M6 conduct and transistor M5 cut off, Fig.3 
can be obtained as follows. 
 
Fig.3  Impedance of transconductance stage and switch 
stage viewing from point B. 
Viewing from point B, transistor M2 is equivalent to 
the resistor ro2, whose output impedance is: 
2 o2BR r=                 (3) 
Viewing M6 from point B, we can regard the right 
part of the circuit as a common-source circuit with a 
negative feedback resistor ro8 whose output impedance 
is 
6 m6 mb6 o6 o8 o6[1 ( ) ]BR g g r r r= + + +       (4) 
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In the FCM, the impedance of RB6 in Eq.(4) is about 
105 times of that of RB2 in Eq.(3). Therefore, the output 
currents of current sources ISS,A and ISS,B almost 
entirely flow into the transconductance stage M1-M2, to 
which ISS,A and ISS,B supply currents. The bias currents 
of transconductance stage correspond to ISS (see Fig.1). 
Only about 1/105 of the output currents of current 
sources ISS,A and ISS,B flow into the switch stage M3-M6, 
which become the bias currents and help to decrease 
the switch stage’s thermal noise and ameliorate the 
mixer’s noise performance. 
(3) The difficulty of realizing the trade-off between 
the linearity and noise performance, the linearity and 
conversion gain has been reduced. Under the condi-
tions of taking the transistors M3-M6 in the switch 
stage as ideal switches, linearity improvement can be 
realized by increasing the bias currents of transcon-
ductance stage M1-M2[16], which means the linearity 
can be improved by increasing the output currents of 
ISS,A and ISS,B. The bias currents of M3-M6 do not ob-
servably increase, so the noise performance will not be 
badly worsened, and the difficulty of realizing the 
trade-off between the linearity and noise performance 
will be decreased. Hence, we do not have to adopt the 
negative feedback to the source of transconductance 
stage to perfect the linearity, and the trade-off between 
the linearity and conversion gain can be avoided. 
(4) The difficulty of realizing the trade-off between 
the conversion gain and noise performance has been 
reduced. Increasing the output currents ISS,A and ISS,B 
can increase the transconductance of M1-M2 and con-
version gain of the mixer. Meanwhile, working cur-
rents of M3-M6 will not increase significantly, so the 
noise performance of M3-M6 will not be worsened 
markedly either. That is the reason why the difficulty 
of realizing the trade-off between the conversion gain 
and noise performance can be decreased. 
(5) The bias currents flowing through M3-M6 are 
very weak, which leads to the weak bias currents 
flowing through M7-M8. Therefore, M7-M8 can provide 
very high output impedance, which does good to the 
increment of the mixer’s conversion gain.  
ds7,8
D7,8
1 1r
Iλ≈ ⋅                (5) 
Both M7 and M8 work in the saturation region. In 
Eq.(5), rds7,8 is the output impedance of M7 or M8, λ the 
coefficient of channel modulation with the typical 
value of 10−2/V, ID7,8 the drain current of M7 or M8. As 
shown in Eq.(5), rds7,8 is inversely proportional to ID7,8, 
which means providing only a small drain current ID7,8, 
very high load impedance can obtain. In the FCM, 
M7-M8 has replaced traditional Gilbert mixer’s load 
resistors R1 and R2 (see Fig.1), and can provide several 
hundreds of MΩ’s output impedance. Moreover, that 
would not lead to excessive voltage drop of the load 
impedance, which would ameliorate the circuit’s volt-
age headroom and be beneficial to realization of the 
 
low-voltage low-power consumption mixer. In order to 
obtain higher output impedance, M7-M8 can be ex-
panded into two or more layers of devices. However, 
this might increase the demand for extra voltage head-
room. 
Moreover, the matching of MOS transistors is much 
better than that of the resistors, and the impedance of 
M7-M8 has a direct impact on the conversion gain. 
Therefore, replacing the resistors R1 and R2 (see Fig.1) 
with MOS transistors can improve the mixer’s preci-
sion. 
4. Implementation and Measurements 
The printed circuit board (PCB) for the whole navi-
gation radio receiver’s chip test is shown in Fig.4, and 
the marked part is for the FCM’s test. The chip was 
bonded on the PCB and tested through sub-minia- 
ture-A (SMA) connectors for all measurements. The 
single-terminal RF signal and the single-terminal LO 
signal were injected through the SMA connectors into 
the PCB, and they were converted into differential 
signals RF+, RF− and LO+, LO− by the balun trans-
formers[17-18] (ETC1-1-13, M/A-COM), respectively. 
Finally, the RF+, RF− and LO+, LO− signals were 
connected to the test pads. A balun transformer 
(ETC1-1-13, M/A-COM) was also adopted to imple-
ment a differential-to-single conversion at IF output 
port and all signal ports were terminated with 50Ω

Fig.4  PCB for whole chip test. 
The low-voltage CMOS FCM, part of the whole 
navigation radio receiver’s chip, was fabricated with 
SMIC 0.18 μm CMOS RF technology. Fig.5 shows the 
test die micrograph of the FCM. Due to the integral 
layout of the chip, the FCM test pads were all placed at 
one side. The active area of the FCM is about 
200 μm × 150 μm. 
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Fig.5  Micrograph of FCM die. 
Fig.6 demonstrates the FCM’s input 1 dB compres-
sion point (Pin-1dB) with RF frequency of 1 575.42 MHz, 
IF frequency of 5.42 MHz, and LO power of −7 dBm. 
The ideal curve in the figure is the curve fitting to the 
test points over the linear range. In Fig.6, the FCM 
exhibits a Pin-1dB of −13 dBm. According to the meas-
urement results, the conversion gain does not degrade 
rapidly when the input power exceeds −13 dBm, so the 
gain compression should be mostly caused by the 
nonlinear third-order transmission function. When the 
input power becomes larger and larger, the gain 
compression should be mostly caused by the nonlinear 
high-order transmission function. So improving the 
nonlinear transmission function will contribute to the 
improvement of Pin-1dB. 
 
Fig.6  Measurement result of FCM’s input 1 dB compres-
sion point (Pin-1dB). 
Table 1 summarizes the performance of previously 
published mixers for low-voltage application. By 
comparison, the FCM consumes a relatively low 
power of 3.9 mW and a measured conversion gain of 
14.5 dB under the supply voltage of 1.2 V. The fea-
tures of low-power consumption and low supply volt-
age show that the FCM is suitable for the low-voltage 
low-power consumption applications. By changing the 
matching circuits and the transistor parameters, the 
circuit topology of the FCM can be applied to higher 
frequencies. 
Table 1  Comparison of performance between FCM and 
previously published mixers  
 FCM Ref.[1] Ref.[5] Ref.[9] 
Process 0.18 μm CMOS 
0.13 μm 
CMOS 
0.18 μm 
CMOS 
0.18 μm 
CMOS 
Supply power 
voltge/V 1.2 1.6 1.8 0.9 
Power con-
sumption/mW 3.9 6 15 6.57 
Conversion 
gain/dB 14.5 1-3 >5.3 8.30-8.89
RF/GHz 1.58 10-35 0.2-16.0 5.25 
Pin-1dB/dBm −13 1 −10 −16.7 
NF/dB 12   24 
5. Conclusions 
(1) By using the folded-cascode structure, the low- 
voltage CMOS FCM, fabricated in an RF 0.18 μm 
CMOS process has been realized. 
(2) The difficulty of realizing the trade-off between 
the linearity and noise performance, the linearity and 
conversion gain, the conversion gain and noise per-
formance has been reduced. The mixer has the charac-
teristics of good conversion gain, fine linearity and 
low-voltage low-power consumption. 
(3) The mixer can be applied to the navigation radio 
receivers and electronic systems for aviation and aero-
space or other related fields. 
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